The effects of Pu content on the dissolution rate and the mass of the insoluble residue of irradiated mixed oxide fuel were studied. On the basis of the kinetic analysis assuming the surface-area model, the dissolution rate was found to decrease exponentially with an increase of the Pu content, but those were estimated to be up to 10 3 times larger than non-irradiated fuels. The mass of the insoluble residue tended to increase with an increase of the Pu content, possibly due to the promotion of fission product formation and an increase of refractory Pu enriched zone.
Introduction
There will be needs for reprocessing of highly burnt fuels with high Pu content, as larger amount of MOX fuel will be used in the LWR than at present and research on the fast reactor fuel cycle will progress. It is well known that the dissolution rate of non-irradiated mixed-oxide (MOX) fuel in HNO 3 decreases with an increase of Pu content (Pu/(U+Pu)) [1, 2] . On the contrary, it has been reported that the dissolution of MOX fuel is promoted after irradiation [3, 4] . The formation of trivalent cations such as lanthanides is also expected to give rise to promotion of the dissolution rate by weakening the stability of fluorite crystal lattice [5, 6] . In order to design the dissolution process for high Pu content fuel, we should consider not only the depression effect caused by high Pu content but also the promotion effect by irradiation. The mass of insoluble residue is also important to design the clarification process of dissolver solution [7] . The dissolution behaviour of irradiated MOX fuel has been investigated in Chemical Processing Facility (CPF) of Japan Atomic Energy Agency (JAEA) [8] . However, there is few knowledge on the effect of Pu content so far.
The aim of this study is clarifying the effects of Pu content on the dissolution rate and the mass of insoluble residue to evaluate the feasibility of dissolution/clarification process for spent fuels with high Pu content. Dissolution tests using irradiated MOX fuel were conducted, and compared with the past experimental data obtained in CPF. Since we could not compare directly the dissolution rate obtained from those experiments which had been conducted at different acidities and temperatures, the kinetic model was introduced, as explained later. We also evaluated the mass of insoluble residue collected after immersing in heated nitric acid.
Dissolution rate of irradiated fuels with different Pu content

Surface-area model for fuel dissolution kinetics
The surface-area model proposed by Taylor et al [9] assumes that the dissolved mass of fuel per unit time is proportional to the surface area exposed to nitric acid, and that this area changes as dissolution progresses. The fuel mass dissolved until time t, W(t), can be described by the following equation.
r, S 0 , z, and F(z) are the instantaneous dissolution rate (mol cm -2 min -1 ), initial surface area (cm 2 ), dissolution ratio (-), and transitional function of surface area (-), respectively. The formulation of r and F(z) are needed for the calculation of dissolved mass.
When we assume the dissolution of powder with homogeneous structure, F(z) decreases monotonically with an increase of z. However, as for the compacted materials such as UO 2 pellets, the reactive surface area is expected to increase at the early phase of dissolution [9] possibly due to the preferential dissolution at the crystal defect, kinks, and grain boundaries. As for the dissolution of a sheared piece of irradiated MOX fuel, Nemoto et al [10] revealed that F(z) was described by the following equation empirically, assuming that S 0 was geometric area of sheared cross sections.
Instantaneous dissolution rate of non-irradiated MOX fuel had been found to decrease exponentially with an increase of Pu content under the following rate equation [1] .
n and d means the Pu content and the density of fuel, respectively. Although the rate equation for the irradiated fuel might be expressed as similar equation above, it is unknown unfortunately. As for thoriumuranium mixed oxide, Heisbourg et al [11, 12] reported that the dissolution rate depended on the 1.1 to 1.5 power of proton concentration, and apparent activation energy was determined to be 16 to 33 kJ/mol. These results were explained by its dissolution mechanism where the oxidation of U(IV) on solid surface was followed by dissociation reaction at activated surface sites. As for irradiated MOX fuel, Nemoto et al [10] found empirically that the dissolution rate of irradiated fuel with Pu content of 30 % depended on the 1.7 power of acidity ([H + ] =2.5-8.7 M) and that the apparent activation energy was 11 kcal/mol at temperatures from 70 to 100 °C, where the empirical rate constant was 9.6×10 3 (g cm -2 min -1 (mol/dm 3 ) -1.7 ). Those partial order and activation energy obtained for irradiated MOX fuel are similar to those for (Th,U)O 2 , indicating the similar dissolution mechanism as described above. In this study, we assumed that the dissolution rate of irradiated fuel with Pu content of n departs from that of fuel with 30 % by the adjustment parameter C(n).
By applying Eq.(4) with appropreate value of C(n) and Eq. (2) to Eq.(1), the temporal change of dissolved mass can be calculated.
Dissolution test and evaluation
Dissolution test conditions [8] are listed in Table 1 . In all of the dissolution tests carried out in CPF, we selected the tests using the MOX fuels with middle average burn-up (40.1 -63.7 GWD/t) and the data with heavy metal (U+Pu) concentration from 100 to 300 g/dm 3 , which is representative in the LWR fuel reprocessing. In order to complement the data on the Pu contents from 18 to 29 %, the dissolution tests DM-24a, DM-24b and DM-27 were conducted by using the irradiated fuels with the apparent Pu contents from 24 to 27 %. Those fuels had been irradiated in the experimental fast reactor 'JOYO' of JAEA. The evaluation was made especially for the sheared fuel pieces since F(z) for sheared pieces is expected to be described as Eq. (2). In each dissolution test, a specific amount of sheared fuel pieces and nitric acid were poured into dissolver vessel at room temperature. The vessel was heated to and maintained at appropriate temperature. Reflux condition was kept in all the experiments by settling a condenser in upper part of dissolver vessel. The mass of dissolved fuel were monitored by counting the released 85 Kr continuously or by measuring the heavy metal concentration in sample solutions which were removed from the vessel periodically. In this study, the discussion was made by normalizing the dissolution rate at the standard condition expected in actual reprocessing, where acidity is 7 M and temperature is 95 °C. An appropriate value of C(n) was determined by minimizing the squared difference between experimental dissolution ratios and calculated ones. Figure 1 shows the comparison of experimental dissolution ratios and calculated ones. The calculation with appropriate C(n) well represents the experimental value. For each test, the normalized dissolution rate was calculated by applying [H + ] = 7 M, T = 368.15K and appropriate C(n) to Eq.(4). Though ionic strength of dissolver solution would change with each test condition, proton activity-concentration correction is not considered in this study because partial order related to proton (1.7) had been determined so as to represent the dissolution rate empirically at wide range of acidity. The calculated dissolution rates were also listed in Table 1 .
Results and discussion
The effect of Pu content on dissolution rate
Normalized dissolution rates of irradiated MOX fuel are shown in Figure 2 as a function of Pu content with those from literatures on non-irradiated fuel [1, 2, 9, 13] and irradiated LWR fuel [14] . For non-irradiated fuels, since most of the dissolution tests had been conducted at boiling point, the dissolution rate at 95 °C was calculated by using the Arrhenius type equation with the activation energy which had been reported as approximately 60 kJ/mol for fresh UO 2 [9] .
The normalized dissolution rate of the irradiated MOX fuel with Pu content of 18 % was estimated to be comparable to that of irradiated LWR fuel or FBR axial blanket fuel. Above 18 %, the dissolution rate decreased exponentially with an increase of Pu content, showing the similar tendency on non-irradiated fuels. This specific behavior of the Pu content dependence could be explained by difference of dissolution mechanism between irradiated MOX fuel and UO 2 . However, there is still lacking knowledge on the dissolution rate with Pu content less than 18 %. As for the Pu content from 18 % to 30 %, the following rate equation with the formula of C(n) fitted by exponential function can be used, as shown in Figure 2. r n = C(n) r 0.3 = 300 exp (-19n) 9 1.E-07
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The promotion effect by irradiation
The dissolution rate of irradiated fuel was 100-1000 times larger than that of non-irradiated fuel with same Pu content as shown in Figure 2 . This promotion might be due to the density decrease, catalytic effect of noble metal FPs, enlargement of effective surface area, and incorporation of trivalent cations. From measurement of fuel mass and volume in DM-29, the density of core fuel was found to decrease to 83 %TD after irradiation, whereas 93 %TD had been observed before irradiation. Dissolution rate of MOX fuel depends on its density by exp{-(0.091+0.179n)d} from Eq.(3). By assigning 0.265 to n and the density before or after irradiation to d, respectively, the dissolution rate after irradiation is estimated approximately 4 times larger than that before irradiation. As for the catalytic effect of noble metals, Trummer et al [15] reported that the oxidizing dissolution of UO 2 powder which includes Pd powder by 3 wt% in peroxide system was promoted by approximately 5 times compared to that without Pd. Ikeda et al [16] also indicated the promotion effect of noble metals on dissolution rate of UO 2 in nitric acid. If this catalytic effect appears in this study, fuel dissolution might be enhanced by a factor of a few. The effective surface area contacted with nitric acid can be enlarged by the growth of clack and porosity through irradiation. Incorporation of trivalent cation is also expected to accelerate the acidic dissolution of fluorite-type oxides. In this study, e.g. DM-24b, it is estimated from ORIGEN calculation that approximately 2 at% of uranium and plutonium atoms were converted into trivalent lanthanides and actinides through irradiation. Horlait et al [5] and Claparede et al [6] reported that the dissolution rate of cerium(IV)-neodymium(III) mixed oxide showed an increase by 1 order of magnitude for every 11 % of neodymium incorporated by weakening the stability of crystal lattice. If this relation can be kept in this study, the dissolution rate of irradiated fuel is expected to be about twice as fast as fresh fuel. In any case, the promotion effect observed with the irradiated fuel cannot be explained by the single effect presented above. The combination of those effects should be considered.
Consequently, in order to design the dissolver in a reprocessing plant for fast reactor fuel, we should consider not only the depression of dissolution rate caused by high Pu content but also the promotion effect by irradiation. As shown in Figure 2 , the irradiated fuel with Pu content of 30 %, which is equivalent to that of the prototype fast reactor 'Monju' of JAEA, seemed to have dissolved as fast as non-irradiated UO 2 fuel. Thus, on the viewpoint of dissolution rate, the dissolution process for spent fast reactor fuel will be designed on the basis that the nonirradiated UO 2 fuel will be treated.
The insoluble residue from dissolution tests with different Pu contents
Experimental conditions
The discussion was made by referring to the data on the dissolution tests listed in Table 2 [8] . The dissolution tests using the fuels with middle average burn-up from 31.7 to 54.7 GWD/t were selected. After the dissolution tests, solid components were separated from dissolver solution by means of suction filtration on glass fiber filters with 1 μm-pore or spontaneous precipitation. The fraction of bulk fuel was entirely dissolved by immersing the separated solid in 3 M nitric acid at 95 °C or boiling point for 2-10 hours. Following this 'scrubbing' process, the insoluble residue was collected by the same procedure described above and weighed after drying at ambient temperature. The amounts of U, Pu, Mo and Ru in insoluble residue were measured by absorption spectrometry (for U), alpha-spectrometry (for Pu), and ICP-AES (for Mo and Ru), respectively. Prior to the measurement, the insoluble residue was treated by melting at 750 °C with sodium peroxide and sodium carbonate, and the mixture was dissolved into 3 M nitric acid solution. -: Not measured.
Results and discussion
The mass ratios of insoluble residue to initial heavy metal (U+Pu), 'insoluble mass ratio,' were listed in Table  2 . As for fuels with middle average burn-up, up to 1.3 wt% of initial heavy metal was remained as the insoluble residue. Higher Pu content tends to cause the increase of the mass of insoluble residue. As the measured chemical compositions were shown in Table 2 , higher Pu contents were observed in the insoluble residue than in the MOX fuel. Though the chemical form of Pu is not clear, they possibly correspond to the PuO 2 enriched zone in the fuel matrices [17] . On the other hand, as shown in Table 2 , the insoluble residue also includes a large amount of fission products such as Mo and Ru, indicating the formation of refractory alloy of Mo-Tc-Ru-Rh-Pd [18] . Thus, the increase of insoluble mass ratio with an increase of Pu contents could be explained by the promotion of formation of the fission products caused by the larger amount of 239 Pu, and the increase of refractory PuO 2 enriched zone. Formation of the refractory alloy depends on the irradiation conditions of fuel, such as oxygen potential, linear power, or temperature. However, there are not sufficient data to evaluate the effect of those irradiation conditions systematically.
Conclusion
We studied the effects of Pu content on dissolution rate of irradiated mixed oxide fuel and on the mass of insoluble residue to assess the feasibility of dissolution process for spent fuels with high Pu content. The dissolution rates of irradiated mixed-oxide fuels were expected to be decreased exponentially with an increase of the Pu content, but those were estimated to be up to 10 3 times larger than those of non-irradiated fuels with the same Pu content. Though there are still lacking knowledge on the promotion mechanism by the irradiation, we assume that this promotion might be related to the density decrease, catalytic effect of noble metals, enhancement of microscopic surface geometry, decrease of the stability of solid by incorporation of trivalent cations, or their combination effects. The mass of insoluble residue was found to increase with an increase of the Pu content, possibly due to the promotion of fission product formation and an increase of refractory Pu enriched zone. Up to 1.3 % of the initial heavy metal was remained as the residue.
Issues are still remaining on the evaluation of the dissolution rate of the irradiated fuels with Pu content less than 18 %, and on the insoluble residue as a function of the irradiation conditions.
